Abstract. The myosin 20,000-D regulatory light chain (RLC) has a central role in smooth muscle contraction. Previous work has suggested either the presence of two RLC isoforms, one specific for nonmuscle and one specific for smooth muscle, or the absence of a true smooth muscle-specific isoform, in which instance smooth muscle cells would use nonmuscle isoforms. To address this issue directly, we have isolated rat RLC cDNAs and corresponding genomic sequences of two smooth muscle RLC based on homology to the amino acid sequence of the chicken gizzard RLC. These cDNAs are highly homologous in their amino acid coding regions and contain unique 3'-untranslated regions. RNA analyses of rat tissue using these unique 3'-untranslated regions revealed that their expression is differentially regulated. However, one eDNA (RLC-B), predominantly a nonmuscle isoform, based on abundant expression in nonmuscle tissues including brain, spleen, and lung, is easily detected in smooth muscle tissues. The other cDNA (RLC-A; see Taubman, M., J. W. Grant, and B. Nadal-Ginard. 1987. J. Cell Biol. 104:1505-1513) was detected in a variety of nonmuscle, smooth muscle, and sarcomeric tissues. RNA analyses comparing expression of both RLC genes with the actin gene family and smooth muscle specific o~-tropomyosin demonstrated that neither RLC gene was strictly smooth muscle specific. RNA analyses of cell lines demonstrated that both of the RLC genes are expressed in a variety of cell types. The complete genomic structure of RLC-A and close linkage to RLC-B is described.
head of the myosin heavy chain and the alkalai light chains (17) . In vitro filament assembly, conformation of the myosin, stability and the solubility characteristics of nonmuscle and smooth muscle myosin are directly influenced by phosphorylation of the RLC (8, 9, 23, 49, 50) . Recent data suggest a direct contribution of RLC pbosphorylation on both myosin conformation and its ATP activity (51) .
Protein sequence data has demonstrated distinct isoforms of the RLC for smooth muscle and sarcomeric tissues (27, 29) . A separate isoform for a nonmuscle RLC has not been identified, although a 20-kD phosphorylated myosin light chain exists in a variety of tissues including fibroblasts, platelets, intestinal brush border, and pancreatic acinar cells (1, 3, 5, 6, 8, 14, 53) . The smooth muscle and fibroblast 20-kD RLC co-migrate on isoelectric focusing gels (6) . The presence of at least two different isoforms has been reported for vascular, uterine smooth muscles (11, 14) and pancreatic acinar cells (5) , though, precise identification of isoforms is complicated by the potential for shifts caused by multiple phosphorylations.
The sequence analyses of cDNAs and the corresponding genes isolated for mammalian skeletal, cardiac, and smooth muscle RLCs reveals that each isoform is derived from a different gene (13, 16, 24, 25, 29, 35, 46, 59) . The sarcomeric regulatory light chains have strict developmental and tissue specific regulation (20, 24, 57) . Mammalian nonsarcomeric RLC cDNAs (RLC-A) have been isolated from rat aortic smooth muscle cells and human umbilical vein eDNA libraries (25, 46) . Both cDNAs are expressed in nonmuscle cell lines and smooth muscle tissues making their characterization as smooth muscle specific isoforms difficult.
The presence of similar RLC mRNAs in diverse cell types other than smooth muscle tissues suggests two possible alternatives. On the one hand, it is possible that highly homologous RLC isoforms exist that are specific for nonmuscle and smooth muscle cells, respectively, and that both types are expressed in smooth muscle cells. On the other hand, it is possible that no true smooth muscle isoform exists and that smooth muscle tissue expresses "generic" nonsarcomeric isoforms. To distinguish between these two alternatives, we have sought to define and characterize the set of RLC isoforms expressed in smooth muscle and nonmuscle tissues. The approach has been to screen, different eDNA and genomic libraries and to perform RNA analyses of rat tissues and cell lines. In addition to the previously described eDNA (RLC-A) (46) , we have identified and characterized cDNAs corresponding to a different nonsarcomeric isoform (RLC-B). The two rat RLC genes represented by these clones are expressed in both smooth muscle and nonmuscle tissues. However, their expression is differentially regulated. One of the isoforms is predominantly a nonmuscle isoform that is expressed at high levels particularly in brain and spleen and has a very low level of expression in sarcomeric tissues and myogenic cell lines. The other RLC isoform is found in high levels in all tissues. Neither isoform is smooth muscle-specific despite their significant homology to the isoform expressed in chicken gizzard (27) .
Materials and Methods

Materials
Restriction endonucleases and DNA modifying enzymes were purchased from either New England BioLabs (Beverly, MA) or Bethesda Research Laboratories (Gaithersburg, MD). Radioisotopes were purchased from Amersham Corp. (Arlington Heights, IL) and were incorporated into isolated DNA by either nick translation or end labeled by standard methods (28) . DNA sequencing was performed using reagents from New England Biolabs or Promega Biotee (Madison, WI). Autoradiography was performed using Kodak X-OMAT film and Picker-Max intensifying screens.
Screening of cDNA and Genomic Libraries
Approximately 5 x 105 recombinants of a rat liver eDNA library constructed in kgt-ll (provided Dr. Mike Meukler, Washington University School of Medicine) and a brain eDNA library constructed in kgt-10 were screened by duplicate lift hybridization at 42°C and 25 % formamide as described previously (46) . A rat liver genomic library generated by partial digestion of total rat liver genomic DNA by Sau IIIA and ligation into EMBL-3B was generously provided by Dr. Richard Hynes (Massachusetts Institute of Technology). Approximately 1.2 x 106 recombinants were screened. Both eDNA and genomie libraries were probed with the 935 nt RLC-2 eDNA (46), washed in 0.2 x SSC (1 × = 0.15 M NaCI and 0.015 M Na citrate) and 0.1% SDS at 42°C and exposed for autoradiography. Positive duplicate plaques were isolated and purified to homogeneity by serial plating.
Characterization and Restriction Mapping of cDNA and Genomic Clones
Phage DNA from the purified plaques was harvested, digested with a series of restriction enzymes, and 10/~g of each digest was size separated on 1% agarose gel and blotted onto nitrocellulose (44) . Hybridization of these blots of the genornic clones were performed at 37°C and without formamide in the hybridization buffer using an oligonucleotide (39-mer) representing the sequence in the 5'-untranslated region of the RLC-A (46) endlabeled with a[32P]ATE After autoradiographic exposure the blots were washed with 0.01 4 SSC at 90°C to remove the signal and a repeat hybridization was performed using a 93 nucleotide Pst I-Eco RI fragment derived from the 3'-untranslated region of the RLC-A eDNA. Similarly, eDNA clones were selected for sequence evaluation based on positive hybridization signals to the entire coding region of the RLC-A cDNA and negative hybridization with the probes representing the untranslated regions.
DNA Sequencing
The eDNA inserts were isolated and were subcloned into plasmid vectors (either pUC-18 or psp-72) or into the phage vectors M13-mp18 or -mpl9 and the nueleotide sequence determined by the dideoxy-chain termination method (46) . Both strands were analyzed using oligonueleotides to overlap sequences in both directions. Sequence analysis was performed using a Digital VAX minicomputer and Intelligenetics software.
Cellular RNA A nalysis
Total cellular RNA was isolated by a modification of Chirgwin (7) . Tissues were removed from rats and immediately frozen in liquid nitrogen. Homogenized tissue was suspended in 4 M guanidium isothiocyanate lysis buffer (pH 7.0), and sheared through a 22 gauge needle. The RNA was precipitated by layering on a 5.7-M cesium chloride cushion and centrifugation in a rotor (SW41; Beckman Instruments, Inc., Palo Alto, CA). The RNA pellet was washed with 70% ethanol and resuspended in water. RNA blot analysis was performed by site-fractionating 5 t~gm of RNA on a 1.5 % agarose/formaldehyde denaturing gels for 15 h followed by transfer to nitrocellulose or nylon membranes for hybridizations. Probes for RNA analyses were generated using the Riboprobe system in which antisense cRNA copies of linearized plasmids were generated using either the "1"7 or Sp6 RNA polymerase with incorporated a[32P]CTP. Hybridization of RNA blots were performed as previously described (46) with 50% formamide, 5x SSC 0x = 0.15 M NaCI, 0.015 sodium citrate), 2x Denhardt's solution, 0.1% SDS, 0.025 M sodium phosphate, and 50 mg/ml of salmon sperm DNA at a temperature of 60°C. Blots were washed at a final stringency of 70°C and 0.24 SSC and exposed for autoradiography.
Cell Culture
The H4TG rat liver cell line was grown in modified eagle's media and 10% horse serum. The mouse C2C12 skeletal myoblast RNA was provided by Dr. J. Billadello (Washington University School of Medicine). The rat pancreatic acinar cell line (AR42J) poly-A+ mRNA was provided by Dr. M. Lowe (Washington University School of Medicine). Rat aortic smooth muscle cells (RASM) were grown as previously described (47) . Subculture passages 10-16 were used for all experiments. These cells have been shown morphologically to be smooth muscle, with a characteristic spindle shape and actin-myosin stress fibers (47) . Cells were grown in 10% beat-inactivated calf serum in DME supplemenlead with 100/zg/ml streptomycin and 100 U/m/penicillin. Quiescence was induced by incubation with DME supplemented with 0.4% fetal calf serum. RASM grown in these conditions incorporated <10% of [3H]thymidine when compared to RASM grown in 10% FCS (46) .
Results
Isolation of a cDNA Clone Coding for a Novel RLC
A total of 11 clones were isolated by screening the liver kgt-11 library and the brain kgt-10 library using the rat aortic smooth muscle cell RLC-2 eDNA (named RLC-A in this report; reference 46) as described in Materials and Methods. One clone from each library was >900 nucleotides in length and contained a different restriction map from RLC-A (reference 47; Fig. 1 ). The nucleotide sequences of these two clones ( Fig. 2 a) (27, 30) confirms that these rat cDNA clones are myosin regulatory light chains of smooth muscle type (Fig. 2 b) .
The Two Rat RLC Genes Are Highly Homologous
The homology between the two rat RLC proteins at the amino acid level is 97 %. The five amino acid differences are conservative (Fig. 2 c) . As denoted by the colons between the sequences in Fig. 2 a, the nucleotide sequences of the amino acid coding regions are 96% homologous. No significant homology exists in the 3'-untranslated regions. None of the clones evaluated to date contain more sequence information representing the 5'-untranslated region. A polyadenylation signal (AATAAA) is located at nucleotide 1056 and differs from the signal described from RLC-A (AATTAAA). In addition, a 47 nucleotide direct repeat is found in the 3'-untranslated region of RLC-B beginning 40 nucleotides after the stop codon ( Fig. 2 b) . The repeat is present five times with the homology among the repeats of 91%/73 %/91%/87%, respectively, using the first sequence as the reference sequence. These repeats have also been found in a processed pseudogene of RLC-B (unpublished data) making it unlikely that the repeats represent a cloning artifact.
The Two RLC Genes Represented by RLC-A and RLC-B cDNA Clones Exhibit Different 1Issue-specific Patterns of Expression
The high degree of sequence identity between the two mammalian RLC mRNA isoforms and each of them to the chicken gizzard RLC protein sequence suggests that they could represent smooth muscle myosin RLCs. RNA blot analyses of total cellular RNA isolated from rat tissues was performed with the specific Y-untranslated regions of both RLC-A and -B cDNAs as probes and compared to the hybridization pattern of a coding region probe. The autoradiogram in Fig. 3 a shows the hybridization pattern when the 524 nucleotide Pst I/Eco RI 3'-untranslated region cRNA probe of RLC-B is used. RLC-B mRNA is most abundant in spleen, brain, lung, and uterus. Longer exposures of the blots shows the RLC-B mRNA to be present in liver, kidney, aorta, and cardiac muscle (see Fig. 3 a) . The hybridization pattern of the RLC-A 3'-untranslated region probe (333 nt Alu I/Eco RI fragment), shown in Fig. 3 b, demonstrates that the RLC-A mRNA is detected in all of the same tissues. However, RLC-A mRNA is most abundant in lung, uterus, aorta, and sarcomeric tissues. Direct comparisons of the relative abundance of RLC-B to RLC-A mRNA populations, shown in Fig. 3 c, were performed after hybridization of the 524 nt Eco RI/Pst I fragment containing only the common amino acid coding sequences and 15 nt of 5'-untranslated sequence (see Fig. 2 a) on duplicate RNA blots of rat tissues generated from gels using identical electrophoresis conditions as in Fig. 3 , a and b, of rat tissues (see Materials and Methods). Despite the inability to completely resolve the two hybridizing species due to the similarity in electrophoretic mobility, the autoradiogram confirmed the impression that RLC-A and B mRNA populations are similarly expressed in spleen, kidney, lung, and uterus but quantitatively expressed differentially in brain, aorta, and sarcomeric tissues. Therefore, the expression pattern of neither mRNA population can be described as smooth muscle specific.
To establish the integrity of the RNA and to correlate the expression of RLC-A and B with actin gene expression, hybridization was performed using a skeletal muscle a-actin coding region on the same RNA blots. This probe crosshybridizes at moderate stringency with both the f3/7 actins (cytoplasmic actins) and with the o~-isoactins (smooth and sarcomeric isoactins). As can be seen in Fig. 3 d, the tissues expressing abundant amounts of muscle ot-actins are also the a RLC-B agatt tga 8
RLC-A gcggcggcaaagct t cgcagagacgct cact e t tgg t t c t cgcggetgagcaggga t t ta 60
RLC To rule out that the detection in sarcomeric RNA of the two RLC mRNAs was because of the presence of vascular smooth muscle, RNA from the C2C12 mouse skeletal myoblast cell line was analyzed. As can be seen in Fig. 4 b,  (lanes 3 and 4) , when the coding region probe was used, RLC-A mRNA was easily detectable; however, no detectable RLC-B mRNA was seen. To ensure that the absence of RLC-B mRNA in the mouse cell line was not due to the inability of the rat probe to recognize mouse RNA, mouse NIH 3T3 fibroblasts were examined by RNA blot analysis and were found to have abundant amounts of RLC-B mRNA when either the RLC-B 3'-untranslated region probe or the limited coding region probe were used (data not shown). In addition, the process of differentiation and fusion of the C2C12 cells was associated with minimal changes in the RLC-A mRNA. C2C12 differentiation was confirmed by a decrease in cytoplasmic actins and a corresponding increase in the muscle-specific tx-isoactin mRNA content after fusion (Fig. 4 b, lanes 5 and 6) . It must be noted that the RNA content of the actin mRNAs cannot be directly related to the RNA content of the RLCs because different probes were used (the actin probe was random-primed eDNA and the RLC was a cRNA probe that has been through washes and rehybridization resulting a decrease in the signal). In BC3H1 cells, a nonfusing mouse muscle cell line that biochemically differentiates into a skeletal-like cell line (48), RLC-A mRNA was in much greater abundance than the RLC-B mRNA (data not shown). In both the rat hepatoma line (H4TG) and the rat pancreatic acinar cell line (AR42J) (Fig. 4 b, lanes  I and 2) , the amount of RLC-B mRNA detected was greater than the RLC-A mRNA. The pattern in these two nonmuscle cell lines is similar to the pattern observed in nonmuscle tissue types such as spleen, brain, and liver in which RLC-B mRNA is also more abundant. This data suggests that cell lines and in particular those used to study muscle gene expression in vitro, mimic the in vivo expression pattern of the two RLC mRNA populations and is not due to vascular contamination.
Isolation and Characterization of R L C Genomic Clones
Screening of a rat liver genomic library with the RLC-A cDNA yielded 16 positive clones. Restriction mapping and Southern blot analysis revealed the presence of three definable loci (RLC gene A, RLC gene B, and a pseudogene), in addition to a group of unrelated homologous clones. The boxed enlargement in Fig. 5 a shows the details of the genomic organization of RLC-A. The gene spans •7.5 kb and is divided into four exons and three introns. The nucleotide sequence is shown in Fig. 6 . The site of transcriptional initiation, as predicted by primer extension analysis, is 24 bases upstream from the corresponding sequence of the end (55), which also lacks a TATA-like promoter region, reveals "-60% sequence identity between nucleotides -100 and -200. Such homology suggests that this region might interact with transcriptional regulatory factors involved in the expression of these genes.
The Genes Coding For RLC-A And RLC-B Are Closely Linked
One genomic clone (GRLC-17) contained two restriction fragments with homology to RLC sequences when analyzed by Southern blot analysis using the RLC coding region as a probe. The first, a 5-kb Eco RI/Sal I fragment is the RLC-A gene including its 3'-untranslated sequence (Fig. 5 a, striped  boxes) , The second is a 305-bp Eco RI/Sal I fragment (Fig.  5 a, solidbox) . This fragment has an identical nucleotide and amino acid sequence to the RLC-B eDNA and contains an open reading frame in the same 5' to 3' direction as RLC Gene-A (Fig. 7) . Comparison of this genomic sequence with the corresponding sequence of the RLC-A gene (distal portion of intron 1 and the 5' most sequence of exon 2) demonstrates that the sequence diverges at the same site of sequence divergence in the 5'-untranslated regions of the RLC-A and RLC-B cDNAs (Fig. 2) and a RLC-B processed pseudogene (restriction map shown in Fig. 5 b and unpublished data) . The Y-flanking sequence of this genomic RLC-B, which precedes the open reading frame, contains a poly-T-rich tract followed by an "ag" which is consistent with a splice site acceptor consensus sequence (32) . After codon 31 the two sequences diverge with a "gt" present in the reading frame corresponding with a splice donor site. The absence of sequence conservation between the flanking DNA of this putative RLC-B gene and any of the introns of RLC-A makes it unlikely that this sequence is a pseudogene composed of a duplicated portion of the RLC-A gene. Such types of pseudogenes usually contain portions of both introns and exons of the parent gene (52, 54, 56) . We propose, based on these sequence characteristics, that this linked partial RLC se-
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Discussion
We report the identification and characterization of myosin RLC eDNA with novel sequence and expression pattern from those previously described. This cDNA contains a 570 nucleotide open reading frame that is 94% homologous to the corresponding sequence of our previously reported RLC cDNA (RLC-A) isolated from RASM (46). The derived amino acid sequence contains only 5 amino acid changes from the RLC-A and 10 amino acid changes from the chicken gizzard smooth muscle RLC protein sequence (28, 29) identifying it as a smooth muscle type of RLC. Our data using the specific Yuntranslated region probes from the rat cDNAs reveal that the expression of RLC-B can be correlated with the distribution of the cytoplasmic actins. This is in contrast to the expression of RLC-A which is most abundant in muscle cells. Neither of the rat RLC genes can be described in a strict analysis of tissues and cell lines as smooth muscle specific. Kumar and co-workers have reported a eDNA isolated from human umbilical vein that is expressed in abundant amounts in umbilical artery, colon, and uterus but is absent in cardiac and skeletal muscle tissues (25) . This same mRNA is detected in human ceil lines including foreskin fibrobtasts, the human lip diploid fibroblast (kD) cell line and fetal lung fibroblasts. Its expression in a wider suraLCott 5t-~tct ~ae¢¢teta~e 23
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The differences between subtypes of nonsarcomeric (i.e., smooth muscle and nonmuscle) myosins are minimal. The nucleotide sequence data of the specific myosin isoforms of smooth and nonmuscle contractile proteins reveal the use of either virtually identical isoforms as in the cases of alkalai light chains (26, 33) and the myosin heavy chains (34), or extremely homologous isoforms as in the case of the regulatory light chains. The chicken gizzard myosin RLC is the most studied vertebrate nonsarcomeric RLC and its function is quite different when compared to the sarcomeric RLCs (2, 9, 16, 39) . Functional differences between chicken gizzard RLC and nonmuscle RLCs are more subtle (3, 6, 8, 9, 23) .
A potential structural basis for a functional difference between chicken gizzard RLC and RLC-B may exist at amino acid 5 where a lysine is substituted for an arginine. Synthetic peptides have been used as substrates to study the efficiency of phosphorylation by myosin light chain kinase and protein kinase C (18, 22) . Kemp has determined the importance of basic residt/es between positions 8 and 19 in the specificity of the myosin light chain kinase from smooth muscle (22, 38) . However, the longest peptides used did not include the first 7 amino acids from the NH2-terminal position. In a similar approach, Hassell has determined that the peptides lacking Lys-4 and Arg-5 are important in determining the substrate efficiency of phosphorylation at Thr-10 by protein kinase C using synthetic peptides up through position 13 07). This strongly suggests that the substitution of Lys for Arg at position 5, as occurs in RLC-B, may have a significant effect on the function of the RLC within cells. The availability of the two RLC cDNAs will permit expression of these proteins and the determination of their properties as substrates for phosphorylation by myosin light chain kinase and protein kinase C.
The data obtained with the RLC-A and B probes reveal that, despite being homologous proteins, they are genetically quite distinct. The 3'-untranslated regions of each cDNA corresponds to different mRNA populations. Despite the coexpression of the two mRNAs, the genes clearly have different expression patterns when the various rat tissues are compared. The genomic structure of the gene encoding RLC-A (four exons and three introns) is less complex than the structure of the other members of the calcium-binding supergene family (43) . The promoter region has the sequence characteristics of many constitutively expressed genes with the absence of a TATA sequence adjacent to the mRNA start site. In addition, the gene for RLC-B appears to be linked to RLC-A gene. This linkage focuses attention on the intergenic region if transcriptional regulation is present. Despite the extensive screening of multiple cDNA libraries, we have not found any evidence for additional RLC isoforms. The protein data available to date (11) supports the existence of only two isoforms, though, a third isoform that might be smooth muscle-specific may exist based on the immunohistochemical analysis by Kumar (25) .
The presence ofa RLC multigene family made up of members with marked sequence conservation, both within the same species and across species, serves to emphasize the importance of the phosphorylated 20-kD myosin RLC in cellular contractile processes. The complicated expression pattern points to subtle differences between nonmuscle and smooth muscle cells on the genetic level and confirms the need to further define the molecular and genetic level and confirms the need to further define the molecular and genetic basis of the contractile phenotype in smooth and nonmuscle cells.
